1. Introduction {#sec1}
===============

Water molecules in the binding sites of proteins make important contributions to molecular recognition.^[@ref1],[@ref2]^ High-resolution crystal structures have revealed that waters frequently mediate protein--ligand interactions.^[@ref3]^ Hydrogen bonds formed between ligands and ordered water molecules can be important for the affinity of the complex^[@ref4],[@ref5]^ as well as for determining substrate specificity.^[@ref6]−[@ref8]^ One remarkable example is the binding site of oligopeptide-binding protein A, in which peptide ligands were found to be coordinated by a large number of ordered water molecules in a buried pocket.^[@ref8],[@ref9]^ Ligand binding also causes displacement of waters from the binding site surface into the bulk solvent, and introduction of substituents that displace high-energy water molecules can yield remarkable increases of affinity.^[@ref10]−[@ref13]^ For example, liberation of a water molecule from the binding site of p38α MAP kinase resulted in more than a 60-fold improvement of inhibitor activity.^[@ref14]^ Understanding the roles of water molecules in ligand binding at the molecular level is gaining increasing attention as it could contribute to more efficient structure-based drug design.^[@ref2],[@ref15]^

Crystal structures can only provide limited information about water molecules in protein binding sites. If the resolution is too low, it may be difficult to distinguish ordered water molecules, which is clearly illustrated by the fact that 60--70% more water molecules are identified in structures with 1.0 Å resolution compared to those solved at 2.0 Å.^[@ref16]^ Furthermore, the solvent network observed at the surface of experimentally determined protein structures may also be artifacts of the crystallization conditions.^[@ref16],[@ref17]^ Computational techniques have become increasingly used to study water molecules in protein binding sites because such approaches can provide a more complete view of the structure, dynamics, and energetics of the solvent network. Methods for prediction of ordered water molecules in protein binding sites range from empirical and knowledge-based approaches^[@ref18],[@ref19]^ to more rigorous techniques based on molecular dynamics (MD) or Monte Carlo (MC) simulations.^[@ref13],[@ref20],[@ref21]^ Rapid scoring functions have been demonstrated to reproduce the positions of water molecules observed in crystal structures and identify waters that are likely to be displaced by ligands.^[@ref19],[@ref22]−[@ref25]^ Several algorithms for identification of ordered water molecules from MD or MC simulations have been developed, and applications of these have revealed large differences between the water network at the protein surface compared to the bulk solvent.^[@ref20],[@ref21],[@ref26]^ Such methods are computationally demanding but can provide more detailed information about water networks. In addition to predicting positions of ordered waters, atomistic simulations in combination with alchemical free energy methods or inhomogeneous solvation theory^[@ref27]^ have been used to estimate energetic contributions to affinity from displacement of water molecules from the protein surface, which provided insights into the driving forces of ligand binding.^[@ref4],[@ref5],[@ref26],[@ref28],[@ref29]^ These techniques have also been applied in lead optimization by identifying high-energy waters that can be displaced to gain affinity by introducing substituents on a ligand^[@ref11],[@ref26],[@ref30]^ and to characterize the druggability of binding sites.^[@ref31]^ Simulation-based methods have mainly focused on the water molecules that are displaced by ligands, whereas those that remain in the binding site after complex formation have received less attention. The water molecules that are not displaced by the ligand reorganize at the surface of the complex or are bound in the interface between the protein and the ligand. These interfacial water molecules, in particular those that bridge hydrogen bonds, can be important for accurate atomic level modeling of protein--ligand complexes and could be utilized to improve virtual screening performance.^[@ref32]−[@ref34]^ However, as waters cannot always be identified in experimentally determined protein structures, there is a need for computational methods that can predict ordered waters in binding sites accurately.

In this work, prediction of ordered water molecules in protein binding sites and the influence of ligand binding on the solvent network were investigated using MD simulations. Particular focus was put on interfacial water molecules that interact with both the protein and ligand after complex formation. Highly populated locations for water molecules (hydration sites) were identified from simulations of experimentally determined structures of 13 protein--ligand complexes in the presence and absence of the cocrystallized ligands. The hydration sites were first used to investigate if ordered water molecules observed in crystal structures could be predicted. The sets of hydration sites derived in the presence and absence of the bound ligands were then compared to assess the influence of binding on the solvent network, which was also complemented with calculations for apo crystal structures. The use of simulation-derived water networks to improve modeling of protein--ligand complexes and applications to drug design will be discussed.

2. Methods {#sec2}
==========

Selection of Proteins and Crystal Structures {#sec2.1}
--------------------------------------------

A set of 13 crystal structures of protein--ligand complexes ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}) that had ≤2.5 Å resolution and at least two water molecules interacting via hydrogen bonds with both protein and ligand was created to study ordered water molecules in binding sites using MD simulations. In this work, this data set will be referred to as the reference crystal structures. High-resolution apo crystal structures with water molecules in the binding site were also available for eight out of 13 proteins. For the remaining five proteins, apo crystal structures were either not available, there were mutations in the binding site or no relevant crystal waters. The binding site water molecules were defined as all water oxygen atoms within 4 Å of any heavy atom of both the ligand and protein in the reference structure. For the apo form, the corresponding region was identified by aligning the apo crystal structure to the reference coordinates in PyMol.^[@ref35]^ Electron density maps were inspected visually if these were available from the protein data bank (PDB) or the Uppsala electron density server (<http://eds.bmc.uu.se/eds/>) to ensure that there was experimental data supporting the binding site waters. Analyses of ordered waters for larger numbers of crystal structures were carried out by first extracting all entries with the same UniProt code and resolution ≤2.5 Å from the PDB. These were then aligned to the reference coordinates, and all structures with RMSD values \<1 Å were retained for further analysis.

###### Summary of Results from Clustering of MD Snapshots of the Binding Site Solvent Networks for 13 Protein--Ligand Complexes in the Presence and Absence of Ligands

                                                                crystal waters   hydration sites with ligand               
  ----------------------------------------------- ------------- ---------------- ----------------------------- ----------- -----------------------------------------
  acetylcholinesterase                            1e66 (1ea5)   5 (5/4)          2                             10          8 (22)
  coagulation factor VII                          1w7x (1klj)   19 (12/10)       4                             22          16 (34)
  fatty acid binding protein adipocyte            2nnq (3q6l)   7 (7/5)          2                             9           6 (22)
  glutamate ionotropic receptor, AMPA subunit 2   3kgc (4o3b)   13 (8/7)         3                             13          11 (25)
  heat shock protein 90-alpha                     1uyg (1uyl)   11 (8/7)         4                             14          10 (19)
  tyrosine-protein kinase JAK2                    3lpb          9 (6/6)          3                             11          10 (24)
  poly\[ADP-ribose\] polymerase-1                 3l3m          4 (4/4)          2                             11          11 (23)[f](#t1fn6){ref-type="table-fn"}
  serine/threonine-protein kinase PLK1            2owb          10 (6/5)         2                             8           6 (16)[f](#t1fn6){ref-type="table-fn"}
  protein-tyrosine phosphatase 1B                 2azr (2cm2)   2 (2/1)          2                             7           3 (14)
  GAR transformylase                              1njs          12 (10/7)        3                             19          12 (31)[f](#t1fn6){ref-type="table-fn"}
  muscle glycogen phosphorylase                   1c8k          6 (6/5)          2                             11          11 (21)
  thrombin                                        1ype (2uuf)   5 (3/1)          2                             11          4 (22)
  trypsin I                                       2ayw (1s0q)   10 (5/3)         4                             15          9 (24)
  sum:                                            113 (82/65)   35               161                           117 (297)   

PDB codes of reference crystal structures of the holo and apo (in parentheses) forms.

Number of waters in the binding site of the crystal structure, i.e. within 4 Å of both the protein and ligand. The number of binding site crystal waters that were reproduced by hydration sites derived from simulations carried out with the ligand present/absent, respectively, is shown in parentheses.

Number of crystal waters that bridge protein--ligand interactions, i.e. within 3.3 Å of a polar atom (N or O) of both the ligand and protein.

Number of hydration sites within 4 Å of the protein and ligand from MD simulations carried out in the presence of the ligand.

Number of hydration sites within 4 Å of the protein and ligand from MD simulations carried out in the absence of the ligand after removing sites that overlap with the ligand. The number of hydration sites prior to removing the hydration sites that overlapped with the ligand is shown in parentheses.

This protein was excluded from the analysis of frequently observed ordered waters ([Table S2](http://pubs.acs.org/doi/suppl/10.1021/acs.jcim.7b00520/suppl_file/ci7b00520_si_001.pdf)), which resulted in a total of 227 hydration sites.

Molecular Dynamics Simulations {#sec2.2}
------------------------------

Up to three sets of MD simulations were carried out for each protein. For the 13 holo crystal structures, simulations were performed in the presence and absence of the cocrystallized ligand. An additional set of simulations was also carried out for apo crystal structures of eight proteins. MD simulations were performed in the program Q^[@ref36]^ using the OPLS all atom (OPLSAA) force field.^[@ref37]^ Force field parameters (OPLSAA_2005) for the ligands were derived using the program hetgrp_ffgen (Schrödinger, LLC, New York, NY, 2014). Prior to the simulations, all nonprotein atoms were removed from the system. The simulations were carried out using spherical boundary conditions. A sphere with an 18 Å radius was centered on the binding site, and the volume not occupied by solute atoms was filled with water molecules. For the simulations carried out in the absence of the ligand, the structures were solvated using a grid of TIP3P water molecules.^[@ref38]^ In the simulations carried out with the cocrystallized ligand present, all the structures were solvated using the last snapshot of the simulations performed without the ligand after removing waters that were overlapping with solute atoms. During the simulation, waters at the sphere surface were subjected to radial and polarization restraints according to the SCAAS model.^[@ref36],[@ref39]^ Nonbonded interactions were truncated at a 10 Å cutoff, and long-range interactions beyond this radius were treated with the local reaction field (LRF) method.^[@ref40]^ The SHAKE algorithm was applied to constrain solvent bonds and angles.^[@ref41]^ The ionizable residues Asp, Glu, Arg, and Lys within the sphere were assigned protonation states based on their most probable state at pH 7 except in the case of histidines, which were protonated based on the hydrogen bonding network ([Table S1](http://pubs.acs.org/doi/suppl/10.1021/acs.jcim.7b00520/suppl_file/ci7b00520_si_001.pdf)). A time step of 1 fs was used, and nonbonded pair lists were updated every 25 steps. Each system was equilibrated for 360 ps, and the temperature was gradually increased to 300 K. A simulation at 300 K was then performed for an additional 8 ns, and 8000 snapshots of the system were saved. The solute heavy atoms were tightly restrained using a harmonic restraint of 100 kcal mol^--1^ Å^--2^ to their initial coordinates in order to characterize the solvent network in the binding site.

Identification of Hydration Sites {#sec2.3}
---------------------------------

The clustering method by Young et al.^[@ref20],[@ref26]^ was used to identify locations of ordered binding site waters based on 8000 snapshots from the MD simulations for each system. The MD snapshots were first aligned based on the (rigid) protein coordinates, and then all water molecules within 1 Å of each water were identified based on the oxygens. The water molecule with the highest number of neighbors was then defined as a "hydration site", and all water molecules belonging to this site were excluded in the following iteration. The occupancy of a hydration site was defined as the fraction of MD simulation snapshots that contributed to it. This procedure was then repeated until the remaining hydration sites had occupancies \<0.3. The convergence of the protocol was assessed by clustering two sets of independent MD simulation trajectories for three proteins (heat shock protein 90-alpha, acetylcholinesterase, and fatty acid binding protein adipocyte), which resulted in 97% overlapping hydration sites. The results obtained by clustering were compared to random placement of hydration sites, which was estimated based on three independent sets of binding site water molecules generated using the grid-based solvation algorithm in the program Q.^[@ref36]^

3. Results {#sec3}
==========

Prediction of Ordered Water Molecules Based on MD Simulations of Protein--Ligand Complexes {#sec3.1}
------------------------------------------------------------------------------------------

We first investigated if hydration sites derived from MD simulations could be used to predict positions of water molecules present in crystal structures of 13 protein--ligand complexes ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}). All selected proteins were drug targets, and, in each case, there was a cocrystallized ligand and several water molecules in the binding pocket. The binding site water molecules, i.e. those interacting with both the protein and ligand, were defined as all waters with oxygens within 4 Å of both the cocrystallized ligand and the protein. This resulted in 113 experimentally observed binding site waters that were used to benchmark predictions based on explicit solvent MD simulations.

All atom MD simulations were carried out with the heavy atoms of the proteins and ligands held rigid by using restraints to the crystal structure coordinates. The binding site water molecules were clustered based on snapshots from an 8 ns MD simulation for each complex using the method proposed by Young et al.^[@ref20],[@ref26]^ The number of identified hydration sites for the protein--ligand complexes is summarized in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}. A total of 161 hydration sites were obtained in the binding site region, which was 42% more than the number of crystal waters. The hydration sites were then compared to the crystal waters ([Tables [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"} and [2](#tbl2){ref-type="other"}). In order to avoid boundary effects, the 223 hydration sites within 5 Å of the complex were included in these calculations. A crystal water was considered to be correctly predicted if it was within 1 Å of a hydration site. This criterion led to 82 correctly predicted binding site crystal waters, corresponding to 73% of those observed experimentally. This result can be compared to that obtained by random placement of hydration sites, which yielded an average of 9% reproduced crystal waters. The percentage of predicted crystal waters ranged from 50% to 100% for the 13 proteins. Analysis of the protein structures suggested that a smaller fraction of the crystal waters was reproduced for flat binding sites with solvent exposed regions, whereas the results were typically better for proteins that had defined binding pockets with waters occupying deep cavities. The simulation of Trypsin I (PDB code: 2ayw([@ref42])) had the smallest fraction of reproduced crystal waters. Visual inspection of the binding site revealed that two identical ligands had been cocrystallized in this case, which may be an artifact of crystallization. The MD simulations were repeated for a second high-resolution structure (PDB code: 1c1t([@ref43])), resulting in a slightly improved percentage of reproduced crystal waters (63%). Examples of predicted hydration sites for three different protein--ligand complexes are shown in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}. All crystal waters present in the binding site were correctly predicted for five of the complexes, e.g. the muscle glycogen phosphorylase ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}A). For heat shock protein 90-alpha ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}B) and glutamate ionotropic receptor AMPA subunit 2 ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}C) the hydration sites reproduced 8 out of 11 and 13 crystal waters, respectively.

![Examples of hydration sites derived from MD simulations and comparison to crystal waters for three protein--ligand complexes. Hydration sites derived in the presence (A-C) and absence (D-F) of the ligands are shown for muscle glycogen phosphorylase (A, D), heat shock protein 90-alpha (B, E), and glutamate receptor ionotropic, AMPA 2 (C, F). In (D-F), the cocrystallized ligands are shown, but they were not included in the MD simulations. Hydration sites and crystal waters are shown as transparent green and red spheres, respectively. The proteins are shown as gray cartoons, and the cocrystallized ligands are depicted in sticks.](ci-2017-00520p_0001){#fig1}

###### Percent of the Binding Site and Bridging Crystal Waters That Were Reproduced by Hydration Sites Derived from the Holo and Apo Crystal Structures

                                                        cocrystallized ligand   
  ----------------------------------------------------- ----------------------- -----
  binding site (holo)[c](#t2fn3){ref-type="table-fn"}   73%                     58%
  bridging (holo)[d](#t2fn4){ref-type="table-fn"}       91%                     77%
  binding site (apo)[e](#t2fn5){ref-type="table-fn"}                            72%

The cocrystallized ligand was present in MD simulation of the holo binding site.

The cocrystallized ligand was absent in MD simulation of the holo binding site.

Hydration sites were compared to crystal waters within 4 Å of both the protein and ligand.

Hydration sites were compared to crystal waters within 3.3 Å of a polar atom (N and O atoms) of both the ligand and protein.

Hydration sites were compared to crystal waters within 4 Å of both the apo protein and the ligand from the holo structure, which was placed into the binding site by aligning the two structures.

In the next step, the occupancies of the hydration sites were analyzed. The occupancies of the hydration sites ranged from 0.3 to 1.0, and the average over all complexes was 0.71. We then examined if the probability that hydration sites overlapped with crystal waters was correlated with occupancy. Whereas the preceding paragraph focused on the percentage of the crystal waters that were reproduced by hydration sites (73%), we instead calculated the percentage of the hydration sites that corresponded to crystal waters. The hydration sites were divided into five groups representing different occupancy intervals between 0.3 and 1.0. For each group, the predictive rate (i.e., the percentage of the hydration sites that were present in the crystal structures) was calculated ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}A). The lowest percentage of verified hydration sites (26%) was obtained in the interval with the lowest occupancy (\<0.44). The highest percentage was found for the group of hydration sites with the highest occupancies (≥0.86), in which 51 out of the 68 (75%) corresponded to the same positions as crystal waters. Overall, there was a strong linear correlation between the occupancies of the hydration sites and the percentage of the hydration sites that corresponded to crystal waters (*R*^2^ = 0.85). The overall predictive rate could hence be improved by increasing the occupancy cutoff. For example, with a cutoff of ≥0.5, the number of hydration sites was reduced from 161 to 114, which was close to the total number of crystal waters (113). The number of reproduced crystal waters was then reduced from 82 to 73, but the predictive rate increased from 51% to 64%.

![(A) The percentage of the hydration sites that reproduced crystal waters for different levels of hydration site occupancy from simulations carried out with the ligand present (red bars) and absent (blue bars), respectively. (B) The percentage of the hydration sites that reproduced frequently observed crystal waters for different levels of hydration site occupancy from simulations carried out with the ligand absent. The number of crystal structures per protein is shown in [Table S2](http://pubs.acs.org/doi/suppl/10.1021/acs.jcim.7b00520/suppl_file/ci7b00520_si_001.pdf).](ci-2017-00520p_0002){#fig2}

Prediction of Ordered Water Molecules in Protein--Ligand Complexes Based on MD Simulations Carried out with the Ligand Absent {#sec3.2}
-----------------------------------------------------------------------------------------------------------------------------

MD simulations of the 13 crystal structures were also carried out with the ligand removed from the binding site. These calculations were performed to investigate if crystal water positions could be predicted by hydration sites derived in the absence of the ligand and, more generally, to assess the influence of the ligand on the solvent network. A total of 297 hydration sites were identified from clustering of MD snapshots ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}). An additional 136 hydration sites were hence obtained compared to the simulations carried out for the complexes, and a majority of these were located in the volume occupied by the ligand. The number of hydration sites that did not overlap with the cocrystallized ligand (defined as 2.2 Å within its heavy atoms) was 117, which can be compared to the 161 hydration sites identified with the ligand present in the simulations ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"} and [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}). Analogous to the analysis made for the simulations carried with ligands bound to the proteins, the hydration sites obtained in the absence of the ligand were compared to the experimental structures of the complexes, and 65 of the 113 crystal waters (58%) were reproduced, which was only 17 less than for the simulations carried out in the presence of the ligand ([Tables [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"} and [2](#tbl2){ref-type="other"}). This can be compared to the result obtained from random placement of hydration sites, which yielded an average of 9% reproduced crystal waters. Interestingly, 63 of the 65 reproduced crystal waters were also identified from the simulations carried out in the presence of the ligand. Examples of predicted hydration sites for three different proteins are shown in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}D-F. Five out of six crystal waters were reproduced by hydration sites in the muscle glycogen phosphorylase structure ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}D). Seven crystal waters were correctly predicted both for the crystal structures of heat shock protein 90-alpha ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}E) and glutamate ionotropic receptor AMPA subunit 2 ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}F) complexes of a total of 11 and 13, respectively. In all three cases, one less crystal water was predicted compared to the set of hydration sites derived from simulations of the complexes ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}A-C).

![Illustration of hydration sites derived from different simulation sets. Hydration sites obtained from simulations carried out in the absence of the cocrystallized ligand are depicted as yellow spheres. The subset of blue spheres corresponds to hydration sites that are not overlapping with the cocrystallized ligand. The black dashed lines represent the volume occupied by the cocrystallized ligand. Hydration sites derived from simulations with the cocrystallized ligand present are depicted as red spheres.](ci-2017-00520p_0003){#fig3}

The analysis of hydration site occupancy was also repeated for the simulations carried out in the absence of the ligand. In order to allow a comparison to the simulations carried out in the presence of the ligand, only the 117 hydration sites that did not overlap with the ligand were included. The average occupancy for this subset of hydration sites was 0.62, which was lower than for the corresponding simulations of the complexes (0.71). There was a strong correlation between the MD derived occupancies of the hydration sites and the predictive rates (*R*^2^ = 0.95, [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}A). The correlation was slightly stronger than for the simulations carried out with the ligands present, but the number of hydration sites in the interval with the highest occupancies decreased from 86 to 25. Of 25 hydration sites with occupancies ≥0.86, 88% overlapped with crystal waters.

Crystal structures of the same protein often contain varying numbers of water molecules depending on resolution, bound ligands, and experimental conditions.^[@ref3],[@ref16]^ To investigate if the hydration sites were reoccurring, we extended the analysis for proteins with \>20 available structures with resolution ≤2.5 Å and an RMSD to the initially selected reference structure of \<1.0 Å. The total number of crystal structures for the ten proteins that fulfilled these criteria ranged from 25 to 371 ([Table S2](http://pubs.acs.org/doi/suppl/10.1021/acs.jcim.7b00520/suppl_file/ci7b00520_si_001.pdf)). The hydration sites derived from simulations carried out with the ligand absent were used in this case as water molecules could occupy any part of the binding site. In order to identify frequently observed ordered waters, a hydration site was required to overlap with a crystal water in at least 10% of the structures. Of the 227 hydration sites identified in the absence of the ligand for the ten proteins ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"} and [Table S2](http://pubs.acs.org/doi/suppl/10.1021/acs.jcim.7b00520/suppl_file/ci7b00520_si_001.pdf)), 81 predicted reoccurring crystal waters. The correlation between the occupancies of the hydration sites and the predictive rates (*R*^2^ = 0.55, [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}B) was weaker compared to that obtained for the reference crystal structures ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}A). An increase in the percentage of correctly predicted crystal waters compared to the other intervals was found for the sites with occupancies ≥0.86. In this group, 27 out of the 41 hydration sites (66%) were verified by frequently observed crystal waters. Nine of the 24 hydration sites for Trypsin I were found in at least 37 other structures, and one of these was even present in 363 cases. The hydration site with the highest occupancy was present in 134 crystal structures and was involved in hydrogen bonds to several different ligands.

Hydration Sites and Crystal Waters That Bridge Protein--Ligand Interactions {#sec3.3}
---------------------------------------------------------------------------

As water molecules that bridge receptor--ligand interactions are of particular interest in drug design, we analyzed if such crystal waters were predicted by hydration sites. A bridging crystal water was defined as an oxygen atom within 3.3 Å of a polar atom (N or O) of the ligand and the protein, which resulted in a total of 35 waters for the 13 studied complexes. The results for the hydration sites with occupancies \>0.3 from simulations with the ligand present and absent are summarized in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}. Almost all bridging crystal waters, 32 out of 35 (91%), were captured by the hydration sites derived in the presence of the ligand, whereas 27 out of 35 (77%) were reproduced by hydration sites obtained with the ligand absent. In both cases, the percentages of reproduced bridging crystal waters were higher than for all crystal waters ([Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}). Interestingly, the average occupancies for the predicted bridging waters were also higher than the average for all hydration sites. The average occupancies for the hydration sites representing bridging crystal waters were 0.91 and 0.78 for the simulations carried out in the presence and absence of the ligand, respectively, which can be compared to 0.71 and 0.62 for all hydration sites. Finally, we analyzed if hydration sites that were not observed in the crystal structures bridged protein--ligand interactions. Among the nine hydration sites that fulfilled these criteria, two were in close vicinity of a crystal water (1.2 and 1.4 Å, respectively). We visually inspected the electron density maps for the remaining seven cases, but there was no clear evidence for ordered waters in the same positions as the hydration sites.

![Percent correctly predicted crystal waters that bridge protein--ligand interactions using hydration sites derived from simulations with the ligand present (red) and absent (blue). Abbreviations for proteins: aces, acetylcholinesterase; fa7, coagulation factor VII; fabp4, fatty acid binding protein adipocyte; gria2, glutamate ionotropic receptor AMPA subunit 2; hs90a, heat shock protein alpha-90; jak2, tyrosine protein kinase JAK2; parp1, poly\[ADP-ribose\] polymerase-1; plk1, serine/threonine-protein kinase PLK1; ptn1, protein-tyrosine phosphatase 1B; pur2, GAR transformylase; pygm, muscle glycogen phosphorylase; thrb, thrombin; try1, trypsin I.](ci-2017-00520p_0004){#fig4}

As the analysis of the water network in the binding site was based on a single structure for each protein, it was possible that the hydration sites could act as bridging waters in other crystal structures. For this reason, we extended our analysis to 1312 high-resolution crystal structures from the PDB ([Table S2](http://pubs.acs.org/doi/suppl/10.1021/acs.jcim.7b00520/suppl_file/ci7b00520_si_001.pdf)). Bridging crystal waters in these structures were compared to the hydration sites obtained from the simulations carried out with the ligand absent. Two observations were made from this analysis. First, crystal water molecules reproduced by hydration sites were found to stabilize different ligand scaffolds in several cases ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}). Second, hydration sites that did not overlap with bridging waters in the reference structure were found to hydrogen bond to both the protein and ligand in other crystal structures. Six examples of hydration sites derived from MD simulations of the reference crystal structure that were found to bridge protein--ligand interactions in the extended set of structures are shown in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}. In all these cases, the hydration sites overlapped with the cocrystallized ligand in the reference structure and could hence only be identified from the simulations carried out with the ligand absent.

![Examples of hydration sites derived from the reference crystal structures ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}) that reproduced crystal waters forming hydrogen bonds with diverse ligands in other experimental structures. Two crystal structures for three different proteins are shown: (A, B) Fatty acid binding protein adipocyte (PDB codes: 3fr4 and 3p6h); (C, D) Heat shock protein 90-alpha (PDB codes: 1uyh and 3b28); (E, F) Muscle glycogen phosphorylase (PDB codes: 1uzu and 3ebo). Hydration sites and crystal waters are shown as transparent green and red spheres, respectively. The proteins are shown as gray cartoons with selected residues and the cocrystallized ligands in sticks. Hydrogen bonds are depicted as black dashed lines.](ci-2017-00520p_0005){#fig5}

![Examples of hydration sites derived from the reference crystal structure that bridged hydrogen bonds between the protein and ligand in other experimental structures. In each case, the hydration site did not bridge hydrogen bonds between the protein and ligand in the reference crystal structure. Two crystal structures for three different proteins are shown: (A, B) Tyrosine-protein kinase JAK2 (PDB codes: 4d0w and 4zim); (C, D) Thrombin (PDB codes: 2hj6 and 3p17); (E, F) Trypsin I (PDB codes: 1c1t and 3a7y). Hydration sites and crystal waters are shown as transparent green and red spheres, respectively. The proteins are shown as gray cartoons with selected residues in sticks. The cocrystallized ligands are depicted in sticks with either blue (reference crystal structure) or yellow (other crystal structure) carbon atoms. Hydrogen bonds are depicted as black dashed lines.](ci-2017-00520p_0006){#fig6}

Comparisons of Binding Site Hydration Networks in the Presence and Absence of the Ligand {#sec3.4}
----------------------------------------------------------------------------------------

The initial results showed that there was an overlap between hydration sites derived from simulations of the holo structures in the absence and presence of the cocrystallized ligands. In order to further quantify similarities and perturbations of the water network upon ligand binding, the hydration sites obtained from simulations of these two states and apo structures were compared.

The hydration sites obtained within 4 Å of both the protein and ligand from simulations of the holo structure in the absence of the ligand were first compared to those identified within 5 Å of the complex. A larger radius in the latter case was used because a pair of hydration sites was considered to be overlapping if they were \<1 Å from each other, which makes inclusion of sites within 5 Å necessary to avoid boundary effects. For this reason, the degree of overlap between the two sets of hydration sites differed depending on the selection of reference point. Of the 297 hydration sites with occupancies \>0.3 derived in the absence of the ligand, 94 overlapped with the sites obtained with the ligand present, which corresponded to 80% of the 117 sites that were not overlapping with the ligand. Conversely, if the hydration sites derived in the presence of the ligand were compared to the set obtained with the ligand absent, 100 out of 161 hydration sites (62%) overlapped. The fraction of overlapping hydration sites further increased if only those with high occupancies were considered. For the 25 hydration sites with occupancies ≥0.86 that were derived with the ligand absent, all overlapped with hydration sites determined with the ligand present. Of the 68 hydration sites with occupancies ≥0.86 from the simulations with the ligand present, 56 (82%) were found among the hydration sites derived from simulations with the ligand absent. Remarkably, all of the hydration sites obtained with the ligand present were also present in the absence of the ligand in the case of acetylcholinesterase ([Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}).

![Overlap between hydration networks from simulations carried out in the presence (red) and absence (green) of the ligand for acetylcholinesterase. The hydration sites determined with the ligand present and absent are shown as red and green spheres, respectively. The protein is shown as a gray cartoon, and the cocrystallized ligand is shown in sticks.](ci-2017-00520p_0007){#fig7}

Histograms describing how the hydration sites were distributed over different occupancy intervals were generated to investigate how ligand binding influenced the binding site water networks ([Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}). The hydration sites obtained with the ligand absent had the largest number of occurrences in lowest occupancy interval and were almost evenly distributed over the other. For the subset of (117) sites that did not overlap with the ligand, the largest number of sites was found in the interval with the lowest occupancies, whereas the number of sites in the other intervals was relatively similar. In the presence of the ligand, the number of hydration sites with occupancies \<0.86 decreased compared to the set obtained in the absence of the ligand, whereas it was slightly higher for the highest interval (0.86--1.00). If the subsets of hydration sites in the region not occupied by the ligand were compared, the only marked difference was found in the 0.86--1.00 interval, in which there was almost 3-fold as many hydration sites from the simulations carried out with the ligand present. In summary, hydration sites derived in the absence of the ligand were to some extent preserved in the presence of the ligand, but complex formation also led to an increase of the occupancies and an additional number of ordered water molecules.

![Distribution of the number of hydration sites over different occupancy intervals from simulations with the ligand absent and present. Yellow bars represent all hydration sites obtained with the ligands absent, whereas the blue bars show the distribution after removing sites that overlapped with the ligands. Red bars represent hydration sites obtained with the ligands present.](ci-2017-00520p_0008){#fig8}

Apo crystal structures for the 13 studied proteins were also analyzed if such were available. There were high-resolution crystal structures with ≤2.5 Å resolution for eight out of the 13 proteins in the PDB. MD simulations of the eight apo structures identified a total of 187 hydration sites in the region occupied by the ligand in the holo structure. Of the 108 crystal waters, 78 (72%) were reproduced by a hydration site ([Table S3](http://pubs.acs.org/doi/suppl/10.1021/acs.jcim.7b00520/suppl_file/ci7b00520_si_001.pdf)), which was the same number as obtained for the simulations carried out for the corresponding eight complexes. The average occupancy was 0.61, which can be compared to 0.71 that was obtained using the holo structure with the ligand present. To investigate if the hydration sites derived for the apo structures in the absence of the ligand were captured by the simulation of the holo form, these two sets of hydration sites were compared. Of the 187 hydration sites derived from simulations of the apo structure, 99 (53%) were also present among the sites derived from the holo structure in the absence of the ligand. For hydration sites with high occupancy (≥0.86), 76% overlapped if the sets from the apo and holo structures were compared. As expected, large differences in the solvent network were observed where conformational reorganization led to changes in the shape of the binding site. For example, in the case of heat shock protein 90-alpha ([Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"}A) a local conformational change upon ligand binding led to reorganization of the water network in one subpocket, whereas the hydration sites were conserved in the rest of the binding pocket. For protein-tyrosine phosphatase 1B ([Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"}B) reorganization of the loop regions led to changes in the hydration site network in the entire binding site.

![Examples of hydration sites derived from MD simulations of apo and holo crystal structures for two proteins. (A) Hydration sites derived for heat shock protein 90-alpha and (B) protein-tyrosine phosphatase 1B. The protein structures of the apo and holo structures are depicted as gray cartoons, and the regions undergoing major conformational changes are colored red. Hydration sites that were present in simulations of both apo and holo structures are shown as red spheres. Hydration sites that were unique for the apo and holo structures are represented as green and blue spheres, respectively.](ci-2017-00520p_0009){#fig9}

4. Discussion {#sec4}
=============

The aims of this work were to assess if ordered water molecules in protein--ligand complexes could be predicted based on MD simulations and to investigate the impact of ligands on binding site solvent networks. An important first step toward understanding the roles of water in ligand binding is to accurately predict ordered water molecules in experimentally determined structures. We demonstrated that hydration sites derived from simulations of 21 high resolution crystal structures, representing both apo and holo forms of 13 proteins, reproduced 73% of the experimentally observed waters. Our results are similar to those previously obtained based on clustering of MD snapshots^[@ref13]^ and empirical scoring functions such as AcquaAlta^[@ref18]^ and WaterDock,^[@ref19]^ which identified between 62% to 81% of the crystal waters. A compelling result, which was made possible by the use of MD simulations, was the strong correlation between the occupancy of the hydration sites and the probability of observing these in crystal structures. The vast majority of the hydration sites (75%) with the highest occupancies was also present in the experimentally determined structures. These results are in agreement with the work of Sun et al., which in addition demonstrated a correlation between the B-factors of crystal waters and the probability that hydration sites reproduced these.^[@ref13]^ Locations where binding site water molecules are frequently present in MD simulations are hence likely to be observed experimentally, and, conversely, there is a high probability that crystal waters with low B-factors are predicted by hydration sites. Two caveats of the method used in this work should be noted. First, it may be challenging to obtain accurate models of the water network if the solvent molecules cannot diffuse in and out of the binding site in the simulations, as demonstrated by Maurer et al. for the oligopeptide-binding protein A.^[@ref44]^ Exchange with the bulk solvent may be limited for enclosed binding sites and could also be influenced by the tight restraints on the protein heavy atoms used in the MD simulations. Second, a large number of hydration sites did not correspond to crystal waters. This discrepancy can partly be explained by the resolution of the structures, which strongly influences the number of identified waters.^[@ref16]^ In addition, hydration sites were considered even if they had occupancies as low as 0.3, which may not be detected as ordered waters by crystallography. In agreement with this hypothesis, there was a consistent increase of the percentage of verified hydration sites if only subsets with high occupancies were considered. In prospective applications, the fraction of hydration sites that will not overlap with crystal waters could be reduced by simply increasing the occupancy cutoff but at the expense of reducing the total number of reproduced crystal waters. Overall, our results demonstrate that hydration sites derived from MD simulations can predict ordered water molecules in protein binding sites with high accuracy.

Previous studies have demonstrated that including ordered waters in molecular docking calculations can enhance virtual screening performance. Improvements of binding mode predictions and ligand enrichment have been observed using several different algorithms, but performance is still target dependent.^[@ref32]−[@ref34],[@ref45]−[@ref48]^ Although relatively short MD simulations were required to obtain maps of the solvent network, high-throughput analysis of complexes would be computationally expensive. We hypothesized that waters interacting with the protein and ligand in complexes would in some cases be tightly bound even if the ligand was not present. If this was the case, MD simulations carried out in the absence of the ligand could be used to identify ordered waters relevant for modeling of complexes. Although the percentage of crystal waters that were reproduced by hydration sites was lower than for the simulations of the complexes, it was encouraging to find that a majority (58%) could still be identified. The hydration sites with high occupancies were very likely to be present in the crystal structures of the complexes, which is remarkable considering that the ligand was not present in the simulation. In order for identified hydration sites to be useful for prospective ligand discovery, the water molecules at these locations should also be present in complexes with different ligand scaffolds. Interestingly, analysis of up to hundreds of crystal complexes per protein showed that an average of eight hydration sites per structure were frequently observed.

Water molecules frequently bridge protein--ligand interactions and the design of ligands to form such hydrogen bonds has successfully been utilized in structure-based drug discovery.^[@ref2]^ For example, HIV-1 protease inhibitors were found to interact with the same active site water molecule, which was demonstrated to contribute favorably to binding by MD free energy calculations.^[@ref5]^ In a prospective study, Powers et al. took advantage of ordered waters in a docking screen against the binding site of AmpC β-lactamase, leading to the discovery of an inhibitor that was confirmed to interact with the included water molecules in a subsequently solved crystal structure.^[@ref49]^ In this work, ∼2.7 bridging waters per crystal structure were identified, which agrees well with the average of three obtained by Lu et al. for a larger set of protein--ligand complexes.^[@ref3]^ Almost all bridging crystal waters (91%) were reproduced by hydration sites derived from MD simulations of the complexes, which was an improvement over the results obtained for the full set of crystal waters (73%). A similar increase of accuracy for bridging crystal waters was obtained with the empirical method AquaAlta.^[@ref18]^ This result may be explained by the fact that bridging waters will form two or more hydrogen bonds to the protein--ligand complex. Analyses of crystal structures have revealed that waters with several hydrogen bonds to the complex have low B-factors, indicating low mobility.^[@ref3],[@ref50]^ In agreement with this observation, hydration sites that bridged hydrogen bond interactions between the protein and ligand had high occupancies, which we in turn found to increase the probability of predicting crystal waters. A remarkable finding was that a high percentage of the bridging crystal waters (77%) was also reproduced if hydration sites were derived in the absence of the ligand. As many of these hydration sites maintained high occupancies and reoccurred in multiple experimental structures, our results show that a large fraction of the bridging waters is relatively ordered even if the ligand is not present. This result is in agreement with the analysis of apo and holo crystal structures by Garcia-Sosa et al., which showed that waters with low B-factors and many protein interactions are unlikely to be displaced.^[@ref24]^ In lead optimization, it may hence be preferential to design ligands that interact with ordered waters that form multiple hydrogen bonds rather than attempting to displace them with a substituent.

Protein--ligand association involves displacement of water molecules from the binding site and leads to reorganization of the water network on the surface created by the complex. MD simulation with explicit solvent is currently the most rigorous approach to model the influence of water on ligand binding and can, in combination with free energy calculations, be used to estimate the associated energetic contributions to affinity.^[@ref4],[@ref12],[@ref51]−[@ref53]^ However, calculation of binding free energies by alchemical transformations is still computationally demanding and complex to carry out efficiently. More rapid and approximate methods have been limited to implicit solvent models that cannot capture the effects of interactions with ordered water molecules. The clustering algorithm by Young et al. reduces an essentially infinite number of possible solvent configurations in a binding site to a map of the most ordered waters.^[@ref20],[@ref26]^ In this work, MD-derived hydration sites were used to quantify the influence of ligands on the binding site solvent network. For the 13 studied proteins, the number of hydration sites per complex was reduced from an average of 23 to 12 upon ligand binding. Liberation of ordered water molecules into the bulk solvent is considered to be one of the major driving forces of ligand binding, and hydration site displacement energies, e.g. calculated from inhomogeneous solvation theory, have been shown to reproduce structure--activity relationships for congeneric ligand series.^[@ref26]^ Approaches for inclusion of receptor desolvation energies based on MD-derived water networks were recently implemented in the WSCORE and DOCK scoring functions.^[@ref54],[@ref55]^ Sun et al.^[@ref13]^ and Balius et al.^[@ref54]^ incorporated hydration site displacement energies in the molecular docking program DOCK. Some improvements of pose prediction were obtained, but there was only a moderate enhancement of virtual screening performance.^[@ref13],[@ref54]^ This lack of improvement could in part be due to the fact that none of the two scoring functions took energetic contributions from interactions with hydration sites at the interface between the protein and the ligand into account. As demonstrated by Krimmer et al., networks of ordered water molecules on the surface of the complex can play a major role in determining ligand binding thermodynamics.^[@ref56]^ In this region, we identified an average of 12 hydration sites per binding site. More than half of these interfacial water molecules were located at the same positions both in the absence and presence of the ligand, suggesting that the protein to a large extent will dictate the locations of ordered waters. It should be noted that there was also an average of five hydration sites interacting with both the protein and ligand that were only present in the simulations carried out for the complex. Furthermore, a large increase of the average occupancies for the interfacial waters was observed in the MD simulations, which will likely counteract the gain of free energy from displacing water molecules from the pocket. In order to obtain a more accurate description of solvent effects on ligand binding in scoring functions, both displacement and hydrogen bonding to discrete waters as well as a description of the contributions from reorganization of the solvent network on the surface of the complex should be taken into account.

The results presented in this work illustrate the importance of ordered waters in molecular recognition. Our results support that hydration sites derived from a single simulation carried out in the absence of the bound ligand can be used to identify ordered waters involved in ligand recognition, and this approach can be applied to a broad range of therapeutic targets. We envision that information extracted from MD-derived binding site solvent networks can be used to improve atomic resolution modeling of protein--ligand complexes. For example, the hydration sites could be utilized to solvate complexes of a protein with different compounds prior to running MD simulations. A better initial description of the binding site hydration network may improve the accuracy of structure refinement and free energy calculations. Hydration sites can also be included in molecular docking algorithms to enhance virtual screening performance or guide lead optimization. Our work can thereby contribute to the development of rapid and more accurate methods for structure-based drug discovery.

The Supporting Information is available free of charge on the [ACS Publications website](http://pubs.acs.org) at DOI: [10.1021/acs.jcim.7b00520](http://pubs.acs.org/doi/abs/10.1021/acs.jcim.7b00520).Table S1, protonation states of histidine residues; Table S2, summary of number of crystal structures per protein; Table S3, summary of results for eight apo crystal structures ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acs.jcim.7b00520/suppl_file/ci7b00520_si_001.pdf))
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